ABSTRACT Phosphatidylinositol phospholipase Cg (PLCg) is an intracellular membrane-associated second-messenger signaling protein activated by tyrosine kinases such as fibroblast growth factor receptor 1. PLCg contains the regulatory g-specific array (gSA) comprising a tandem Src homology 2 (SH2) pair, an SH3 domain, and a split pleckstrin homology domain. Binding of an activated growth factor receptor to gSA leads to Tyr783 phosphorylation and consequent PLCg activation. Several disease-relevant mutations in gSA have been identified; all lead to elevated phospholipase activity. In this work, we describe an allosteric mechanism that connects the Tyr783 phosphorylation site to the nSH2-cSH2 junction and involves dynamic interactions between the cSH2-SH3 linker and cSH2. Molecular dynamics simulations of the tandem SH2 protein suggest that Tyr783 phosphorylation is communicated to the nSH2-cSH2 junction by modulating cSH2 binding to sections of the cSH2-SH3 linker. NMR chemical shift perturbation analyses for designed tandem SH2 constructs reveal combined fast and slow dynamic processes that can be attributed to allosteric communication involving these regions of the protein, establishing an example in which complex N-site exchange can be directly inferred from 1 H, 15 N-HSQC spectra. Furthermore, in tandem SH2 and gSA constructs, molecular dynamics and NMR results show that the Arg687Trp mutant in PLCg1 (equivalent to the cancer mutation Arg665Trp in PLCg2) perturbs the dynamic allosteric pathway. This combined experimental and computational study reveals a rare example of multistate kinetics involved in a dynamic allosteric process that is modulated in the context of a disease-relevant mutation. The allosteric influences and the weakened binding of the cSH2-SH3 linker to cSH2 should be taken into account in any more holistic investigation of PLCg regulation.
INTRODUCTION
Phosphatidylinositol phospholipases (PLCs) are a family of enzymes that hydrolyze substrate membrane PI(4,5)P 2 phosphoinositides to yield the important second messengers diacylglycerol and inositol(1,4,5)P 3 (1, 2) . In mammals, the ubiquitously expressed PLCg1 isoform is activated by growth factor receptor tyrosine kinases (RTKs) and the T cell receptor (3, 4) . The closely related PLCg2 protein is stimulated by B cell and Fc receptors and mainly found in hematopoietic cells. The expression patterns of PLCg1 and PLCg2 are also reflected by the pathologies linked to various PLCg1 and PLCg2 mutations that activate PLCg catalytic activity. PLCg proteins differ from other PLC subfamily isoforms (PLC b, d, ε) in that the sequence of the catalytic triose phosphate isomerase barrel domain is interrupted by the regulatory g-specific array (gSA), consisting of a ''split'' pleckstrin homology (PH) domain, two Src homology 2 (SH2) domains (N-terminal SH2 (nSH2) and C-terminal SH2 (cSH2)), and an SH3 domain. The polypeptide domain arrangement N-spPH-nSH2-cSH2-SH3-C-spPH, in which the N-and C-terminal portions of the split PH domain come together to form a globular domain (5) , results in a pseudo-cyclic structure for the gSA.
Activation of fibroblast growth factor receptor 1 (FGFR1) results in phosphorylation of Tyr766 in the unstructured C-terminal tail of the receptor and leads to recruitment of PLCg isoforms (6) . Full activation of PLCg1 depends on receptor-dependent phosphorylation of gSA residue Tyr783 and on the presence of a functional cSH2 domain (7) (8) (9) . We and others have shown that the cSH2 domain is bound to the catalytic domain to block substrate access to the active site in the resting state (10, 11) . Binding of FGFR1 to PLCg1 occurs though the gSA nSH2 domain via both canonical and noncanonical protein-protein interactions (6) , though more recently, it has been suggested that recruitment and activation of PLCg1 by a panel of RTKs proceeds via the cSH2 domain alone (12) .
Mutations in PLCgs have been detected in a variety of disease conditions through DNA sequence analysis, and these mutations can occur throughout the length of the protein (4) . All pathogenic gSA mutations known to date are activating, and all are at sites conserved between PLCg1 and PLCg2 (4) . For example, pathogenic gSA mutations are either located in split PH (Tyr495Cys, PLCg2; Ser520Phe, PLCg1; Leu845Phe, PLCg2) or in cSH2 (Arg665Trp, PLCg2; Arg707Gln, PLCg1; Ser707Tyr, PLCg2). Differential expression patterns of PLCg1 and PLCg2 have a great influence on the resulting pathology. For instance, Ser707Tyr (PLCg2), which has been linked to autoimmune disease, was found to disrupt the autoinhibitory cSH2 interface with the enzyme core (10, 13) . Arg707Gln (PLCg1) has been linked to secondary angiosarcoma and is suspected to disrupt the cSH2 domain structure and thereby release autoinhibition (14) . The cSH2 mutation Arg665Trp (PLCg2) occurs in the context of resistance to the Bruton's tyrosine kinase inhibitor ibrutinib used in chronic lymphocytic leukemia (15) . No structural insight about the consequences of the Arg665Trp (PLCg2)/ Arg687Trp (PLCg1) mutation is currently available.
In the PLCg resting state, the extent to which the cSH2 domain is ''available'' for contact with the enzyme core and upstream agonists is unclear. In this context, the binding status of the cSH2 C-terminus, which is equivalent to the cSH2-SH3 linker and harbors the Tyr771, Tyr775, and Tyr783 phosphorylation sites, plays a particular role; recent studies proposed that Tyr783 phosphorylation by ITK kinase and Tyr771 phosphorylation by FGFR2 kinase would occur because of an enhancement of C-terminus availability (12, 16) . Although tandem SH2 crystal structures suggest that the cSH2 C-terminus might indeed be unbound in the nonphosphorylated state (10) , a recent NMR study comparing constructs with and without an unmodified C-terminal extension suggested that the C-terminus is bound even in the nonphosphorylated state (16) .
Here, we report the results of an investigation of the tandem nSH2-cSH2 segment of PLCg1 and the impact of interactions of the globular cSH2 domain with the C-terminus in both non-phospho-and Tyr783-phosphostates, including within the context of the intact gSA. We present an analysis of the tandem SH2 domain protein by molecular dynamics (MD) simulation and heteronuclear NMR spectroscopy. Unexpectedly, the NMR results reveal a complex signature, the examination of which suggests partial dynamic interaction between the C-terminus and the cSH2 domain. In line with the results yielded from MD simulations, we interpret the NMR data to indicate dynamic allosteric communication between the Tyr783 phosphorylation site and the inter-SH2 domain junction, which operates via the C-terminus and residues preceding the C-terminus. Though examples of dynamic allostery have been presented before, here we introduce a case in which the combination of fast-and slow-exchange phenomena results in complex but interpretable NMR crosspeak patterns. We also characterize the effect of the PLCg1 Arg687Trp mutation-homologous to the cancer therapy resistance Arg665Trp substitution in PLCg2-on the characteristics of the tandem SH2 domain.
MATERIALS AND METHODS
Materials and methods used during the course of this study are provided in Supporting Materials and Methods, Section 1.
RESULTS
Our principal aim was to probe the impact of Tyr783 phosphorylation on the structural and dynamical properties of both the PLCg1 nSH2 and cSH2 domains. The following will discuss in detail the structure and dynamics of different PLCg1 tandem SH2 proteins (Fig. 1) . According to the canonical description of SH2 domains, the ordered part of the PLCg1 nSH2 domain comprises residues 545-662 and the cSH2 domain residues 663-756. The junction between the two SH2 domains (''nSH2-cSH2 junction'') is here defined as the residue region 658-668. The region of the polypeptide that encompasses residues to the C-terminus of the cSH2 domain can be described as comprising three segments: the ''pre-C-terminus'' (residues 757-770), the ''C-terminal linker'' (residues 771-778), and the ''Tyr783-peptide region'' (residues 779-790). Together, the C-terminal linker and the Tyr783 peptide region constitute the ''C-terminus''; the combination of all three segments is referred to here as the ''extended C-terminus.'' Three crystal structures (Protein Data Bank (PDB): 3GQI, 4FBN, 4EY0) are available for the tandem nSH2-cSH2 protein. The structures reported by Bunney et al. comprise a ''long'' unmodified construct (residues 545-790, which include the nSH2, cSH2 and C-terminal regions) and a similar construct that was phosphorylated on the Tyr783 side chain (PDB: 4FBN and 4EY0, respectively) (10). The three-dimensional (3D) structure of 4FBN is illustrated in Fig. 1 a. In the structures, electron density for residues 773-782 (4FBN) and 774-781 (4EY0), mainly corresponding to the C-terminal linker region, is missing, suggesting that this segment is dynamic in nature. In 4EY0, electron density corresponding to the phosphorylated Tyr783 peptide region is observed in the typical SH2 peptide-binding groove, indicating binding in cis. In the case of 4FBN, similar but much weaker density is observed, suggesting that at least partial binding can occur in the absence of Tyr783 phosphorylation. We sought to explore the effect of Tyr783 phosphorylation on the PLCg1 tandem SH2 domain protein in solution using MD and heteronuclear NMR spectroscopy.
MD simulations to probe structural changes in the extended C-terminus and the nSH2-cSH2 junction upon Tyr783 phosphorylation MD simulations were used to generate hypotheses about the structural consequences of Tyr783 phosphorylation and to guide subsequent experiments. We performed six atomistic 100 ns MD simulations of NSH2CSH2 and four atomistic 100 ns simulations of NSH2CSH2-pY 783 using starting models derived from the crystal structures with PDB: 4FBN and 4EY0, respectively (corresponding to constructs for NMR, vide infra).
We evaluated convergence for local motions in the cSH2 domain by comparing contact and eigenvalue ranges for different MD trajectories using identical eigenvector (principal component) sets from a principal component analysis (PCA). The trajectories were not of sufficient duration to satisfactorily predict the full range of protein motion, interdomain flexibility, and orientation that might be present in solution; special approaches that enhance sampling of the conformational space would be required to accurately address questions regarding interdomain properties of the tandem SH2 constructs. Nevertheless, we identified differences within the cSH2 domain between NSH2CSH2 and NSH2CSH2-pY 783 trajectories. PCA in Cartesian space for backbone atoms of the cSH2 domain and the nSH2-cSH2 junction was performed to provide a quantitative analysis of motion represented in the trajectories (Fig. 2 a; Fig. S1 ). Eigenvectors were identified using merged trajectories for each set of simulations. The trajectories for the nonphosphorylated protein converged, as judged by overlap of the range of trajectory projections on the most significant eigenvectors. Analysis of the projections of each trajectory on the PCA eigenvectors revealed a difference between NSH2CSH2-pY 783 and NSH2CSH2 trajectories in NSH2CSH2 eigenvector 2 (Fig. S2 b) . Specifically, a high root mean-square fluctuation (RMSF) of the C-terminal linker and the pre-C-terminus in this eigenvector (Fig. 2 a) suggests that the dynamics of this region differs between NSH2CSH2 and NSH2CSH2-pY 783 . To further explore this finding, we performed contact analyses of the trajectories. We specifically focused on contacts between the extended C-terminus and the nSH2-cSH2 junction on one hand and other regions of the protein on the other hand (Fig. 2 a) . For these protein regions, we use the secondary structure nomenclature that has been widely employed in previous descriptions of SH2 domains (17) . Of particular note to this investigation, the a A -helix (Arg675-Arg684) forms a rather exposed part of the cSH2 domain; the shorter a B -helix (Asp634-Gln641) is close in space to the nSH2-cSH2 junction (Glu650-Trp668). The results of the contact analysis are shown in Fig. 2, c and d and Fig. S2 a for the extended C-terminus, and in Fig. S8 a for the aB-helix/nSH2-cSH2 junction. Here, we focus on the most significant differences in contact probability between the NSH2CSH2 and NSH2CSH2-pY 783 trajectories related to the pre-C-terminus and the C-terminus. As expected, the contact between pTyr783 and the cSH2 domain was essentially permanent in the NSH2CSH2-pY 783 trajectories but less stable in the NSH2CSH2 trajectories (Fig. S1 b) . The contact between the following interface pairs was FIGURE 1 Tandem PLCg1 nSH2-cSH2 constructs and nomenclature. (a) Crystal structure (PDB: 4FBN) of the tandem nSH2-cSH2 domains of PLCg1 is shown. Residues 773-782 in the extended C-terminus, which are missing in the electron density, have been modeled for illustration purposes. (b-e) Schematic illustration shows key protein constructs examined in this study, grouped by function: (b) wild-type constructs to assess C-terminal binding, (c) derivative constructs to probe the role of the nSH2-cSH2 junction on fast-exchange dynamics and to assess slow exchange, (d) constructs with single Pro/Ala substitutions to probe slow exchange, and (e) disease-relevant Arg687Trp mutant constructs. The structure shown in (a) corresponds to the NSH2CSH2 construct shown in (b). The color-coding employed is as follows: cyan, SH2 domains; yellow, pre-C-terminus; gray, C-terminal linker; red, pY783-peptide region. In (b) and (e), the ''P'' symbol indicates phosphorylation of Tyr783. NSH2CSH2 more frequent in the phosphorylated constructs: (p)Tyr783 and cSH2 domain core (670-750), C-terminal linker and cSH2 domain a A -helix, pre-C-terminal region Asn757-Lys759 and cSH2 domain core, and pre-C-terminal region Asn757-Lys759 and nSH2-cSH2 junction residue Glu667 (Figs. 2 and S2 a) . Thus, the MD simulations suggest that Tyr783 phosphorylation modulates the interactions between the pre-C-terminus and the nSH2-cSH2 junction and leads to stronger interactions of the extended C-terminus with the cSH2 domain.
We used the tool MutInf (18) to predict allosteric pathways from the MD trajectories by analyzing mutual information in the distribution of side-chain dihedral angles (Fig. 2 b) . Particularly strong mutual information was found in the pre-C-terminus, the C terminus, and cSH2 core, which are likely to be in direct contact with these elements. Importantly, significant differences in mutual information were detected between NSH2CSH2 and NSH2CSH2-pY 783 . The mutual information between pre-C-terminus residues Asn757 and Glu759 on one hand and residues in the 1) C-terminal linker and 2) cSH2 domain-specifically the a A -helix-on the other hand is higher in the NSH2CSH2-pY 783 simulations (Fig. 2 b) . Conversely, the mutual information between various residues in the C-terminus, cSH2 residue Arg694, and junction residues Thr660 and His663 is lower for the NSH2CSH2 trajectories. There was also a lower level of mutual information between Arg694 and the nSH2-cSH2 junction on one hand and on the other hand several nSH2 residues (Fig. S2 b) , only some of which are spatially close to the nSH2-cSH2 junction (Asn547-Arg567), whereas others are more distant (Asp615, Gly617, Glu589, Arg645-Glu649). Our data suggest an allosteric connection between the Tyr783 phosphorylation site and the nSH2-cSH2 junction (and to a minor extent, the nSH2 domain), which primarily involves sections of the extended C-terminus and the cSH2 domain residues with which they interact. Together, the MD PCA, contact, and MutInf analysis results suggest the potential presence of dynamic interplay between the extended C-terminus and the cSH2 domain.
Constructs for NMR spectroscopy
For NMR experiments, we prepared a variety of tandem-SH2 proteins; key constructs are illustrated schematically in Fig. 1 b. Similar to the proteins in the crystal structures, we prepared unmodified (non-phospho) ''NSH2CSH2'' (residues 545-790) and Tyr783-phosphorylated ''NSH2CSH2-pY 783 '' (residues 545-790, pTyr783). We also prepared a construct comprising solely the cSH2 domain and the FIGURE 2 Molecular dynamics simulations predict dynamic differences between NSH2CSH2 and NSH2CSH2-pY 783 for residues in the pre-Cterminus and the C-terminal linker. (a) Root mean-square fluctuation (RMSF) of the second eigenvector of the NSH2CSH2 PCA contains information about differences in backbone motions of the cSH2 domain between NSH2CSH2 and NSH2CSH2-pY 783 (see also Fig. S1 ). The data suggest that the (pre-)-C-terminus could be relevant for an allosteric connection between Tyr783 and the nSH2-cSH2 junction. RMSF data were projected on a simulation model using color scaling: red (no fluctuation)-white-blue (high fluctuation). The particularly high RMSF for parts of the pre-C-terminus and the C-terminus is evident. (b) Mutual information between side-chain dihedral torsion angles for NSH2CSH2 and NSH2CSH2-pY 783 trajectories is shown. The results for the cSH2 domain are shown in this panel (for the entire construct, see Fig. S2 b) . Upper left half: residue-wise sum of mutual information between side-chain dihedral angles in NSH2CSH2 is shown; results were averaged but not filtered. Lower right half: mutual information difference between NSH2CSH2 and NSH2CSH2-pY 783 is shown filtered (t-test). Red indicates an increase in mutual information in the phosphorylated protein (marked as described in the main text); blue indicates a decrease in mutual information. Particularly interesting residues as well as secondary structure elements are indicated on the plot abscissae. (c and d) Contact probabilities are shown between C-terminal linker and a A -helix (c) or between pre-C-terminal residues 757-759 and nSH2-cSH2 junction residue 667, shown for different MD trajectories. Black, NSH2CSH2 (n ¼ 6 trajectories); red, NSH2CSH2-pY 783 (n ¼ 4). Any number of contacts (<2.5 Å ) at a given time point is counted as a single contact event, yielding a contact probability for a 1 ns sliding average time bin.
appended C-terminal region (''CSH2''; residues 663-790), a shortened form of the tandem lacking the C-terminal residues 545-770 denoted ''NSH2CSH2 DCT ,'' and a complex of NSH2CSH2
DCT with a pTyr783 phosphopeptide (residues 779-790) denoted ''NSH2CSH2 DCT -CTpY''; for the last sample, the CTpY peptide was added to 1.2 equivalents (CTpY binding to cSH2 has been described in a previous study (10) ). From titration experiments, we confirmed that CTpY peptide binds sufficiently strongly (K D < 15 mM) to the cSH2 domain to be saturating under the NMR measurement conditions ( Fig. S6 ; Supporting Materials and Methods, Section 2.7). In addition, we prepared single residue Gly and Lys mutants at junction residue Glu664 of NSH2CSH2 (''E664G-NSH2CSH2'' and ''E664K-NSH2CSH2''), both nonphospho-and phosphopreparations of a mutant Arg687Trp construct (''R687W-NSH2CSH2'' and ''R687W-NSH2CSH2-pY 783 ''), and single residue Ala mutants of CSH2 at Pro686, Pro745, Pro755, and Pro769.
Backbone crosspeak assignments and chemical shift perturbation analyses 1 H, 15 N-heteronuclear single quantum coherence HSQC spectra of the tandem nSH2-cSH2 proteins constructs were generally well dispersed (Fig. S3) 783 , 3D HNCA data sets were recorded to support the assignments. The assignment is most complete for NSH2CSH2-pY 783 (87%) and least complete for NSH2CSH2
DCT (53%). Some crosspeaks for the cSH2 domain, in the nSH2-cSH2 junction, and in the extended C-terminus could not be located, suggesting intermediate exchange broadening. Multiple crosspeaks were observed for several residues in mostly, but not exclusively, CSH2, E664G-NSH2CSH2, and E664K-NSH2CSH2, indicating the presence of slow exchange. Spectra of nonphospho constructs generally displayed weaker intensity than their phospho counterparts. Although pronounced line broadening in the cSH2 domain is often a result of the aforementioned exchange phenomena, the generally lower signal/noise observed for all residues (also in the nSH2 domain) is likely attributable to a propensity to weak selfassociation. We have characterized this behavior with 15 N nuclear relaxation and small angle x-ray scattering data obtained for NSH2CSH2 and NSH2CSH2-pY 783 ( Fig. S4 ; Supporting Materials and Methods, Section 2.1). Notably, the crosspeak positions and the extent of peak doubling were concentration independent. On the other hand, the presence of weak self-association confounded detailed linewidth analysis and relaxation dispersion experiments; hence, our NMR analyses are predominantly based on chemical shift patterns. In most of the following description, only the major (most intense) crosspeak is considered when peak doubling is present.
The C-terminus is partially bound in NSH2CSH2 constructs
Interactions between an SH2 domain and a cognate phosphopeptide ligand typically exhibit slow-exchange characteristics, which is consistent with relatively high affinity binding and a slow off-rate (19) . On this basis, the spectrum of NSH2CSH2
DCT was expected to display different chemical shifts compared to either NSH2CSH2-pY 783 or NSH2CSH2 DCT -CTpY arising from the occupation of the cSH2 binding site by the C-terminal pTyr783 peptide in the latter cases. In line with this expectation, the NMR spectra of NSH2CSH2
DCT and NSH2CSH2-pY 783 appear quite different (Fig. S5 ). For the purposes of describing our observations, it is useful to declare the following: trivially, for NSH2CSH2 DCT , no interaction of the pTyr783 region with the cSH2 domain is present, and the protein is in an unbound or ''open'' state. On the other hand, the characteristics of the NSH2CSH2-pY 783 protein, with at least pTyr783 of the C-terminal tail occupying the cSH2 binding site, can be regarded as representing a bound or ''closed'' state. Importantly, the largest chemical shift perturbations (CSPs) between the ''open'' and ''closed'' forms were not confined to the putative binding contact zones in the cSH2 domain and pTyr783 region but were also observed for sites in the pre-C-terminus (distant from the pY783 binding site), the C-terminal linker, and throughout the cSH2 domain.
Superposition of the NMR spectra for all of the other constructs that we have examined shows that the chemical shifts for conserved residues do not always coincide with those of either NSH2CSH2
(''closed'' state). The crosspeaks for a given residue lie on or close to the vector that joins the corresponding crosspeaks for the ''open'' and ''closed'' states. Importantly, this behavior was detected over a whole series of different constructs, several of which were not prepared with this specific phenomenon in mind but for other purposes, and so, this was an adventitious observation. For example, residues Gly777 and Gly789 from the C-terminus and residues Gly689, Ala690, and Gly710, which are located on the cSH2 protein surface, exhibit this behavior (Fig. 3 a) . This pattern suggests an underlying fast-exchange phenomenon; importantly, the population of ''closed'' and ''open'' states for any given construct and residue can be directly inferred by comparing the corresponding peak position to those for the reference ''open'' and ''closed'' states, similar to the procedure employed in chemical shift projection analysis (CHESPA) (20) . Given their respective locations in the 3D structure, these two sets of residues could take part in mutual interactions that would accompany entry of the extreme C-terminal pTyr783 region into the cSH2 binding site. The MD simulations suggest high mobility and multiple transient contacts between the C-terminus and the cSH2 domain. Therefore, the fast-exchange phenomenon suggested by the pattern of chemical shifts can be attributed to a dynamic interaction between the C-terminus and the cSH2 domain; the local conformation of the NSH2CSH2 protein shuttles between at least two states, rationalized by partial binding of the C-terminal region to the cSH2 domain despite the absence of Tyr783 phosphorylation. This interaction is consistent with the occupation by the nonphosphorylated Tyr783 region of the cSH2 binding site in the 4FBN crystal structure of the NSH2CSH2 protein.
The fast-exchange NMR characteristic and the weak electron density in the crystal structure suggest that this interaction is substantially weaker than in the case of NSH2CSH2-pY 783 but, compared to an untethered nonphospho-Tyr783 peptide, might be promoted by the enhanced effective concentration provided by the tethering pre-C-terminus and C-terminal linker.
Multiple NSH2CSH2 crosspeak patterns evidencing fast exchange were identified; the corresponding locations are projected onto a 3D structural representation in Fig. 3 c, whereas peak patterns are displayed in Figs. 3 a, S7, S11, and S12. Residue-wise examination of the crosspeak positions reveals that the ''open'' and ''closed'' state population distribution differs from residue to residue (Fig. 3 b) , indicating that the dynamic situation in NSH2CSH2 cannot be properly described by a single two-state fast-exchange model applicable to the whole protein construct. Rather, the pattern suggests a heterogeneous dynamic interaction between the cSH2 domain and different parts of the C-terminal tail. For this reason, it is not possible to determine a single K D or k ex parameter to describe globally the equilibrium between ''open'' and ''closed'' forms.
C-terminal linker-dependent dynamic allosteric communication of Tyr783 phosphorylation to the nSH2-cSH2 junction
Similar to the situation with NSH2CSH2, a subset of cSH2 residues of NSH2CSH2 DCT -CTpY display evidence of heterogeneous ''open'' # ''closed'' dynamics, corresponding to a partially bound pre-C-terminus (Fig. 3 a; Fig. S7 ). However, the crosspeaks for these residues are directly coincident only for the NMR spectra of NSH2CSH2
DCT and NSH2CSH2 DCT -CTpY. This pattern indicates that upon Tyr783 phosphorylation, CSP for the pre-C-terminus N-HSQC NMR spectra of the tandem nSH2-cSH2 constructs is shown. Each pair of panels is focused on a particular residue and shows the raw NMR spectra (upper panel) with schematic illustrations of the crosspeak centroids (lower panel). The contour colors and centroid symbols are plotted according to the protein construct, as indicated in the key below, which uses cartoon representations wherein the NSH2-CSH2 junction, pre-C-terminus, C-terminal linker, and Tyr783 region are shown in black, yellow, gray, and red, respectively; phosphorylation of Tyr783 is indicated by a red circle with a white ''P,'' and sites of single residue substitutions are indicated by a red arrowhead. In each case, the crosspeaks are located on a vector connecting posi- (Glu758, Ala760, Leu761, Gly765, Thr766) toward the ''closed'' state is observed only when the C-terminal linker (residues 771-778) is present ( Fig. 4 a) ; the interaction between the cSH2 domain and the pre-C-terminus is dependent upon an intact tether between the pre-C-terminus and the C-terminal tail.
The peak position for nSH2-cSH2 junction residue Thr660 is perturbed by phosphorylation of Tyr783 both for NSH2CSH2
DCT -CTpY and to a greater degree for NSH2CSH2-pY 783 (with respect to NSH2CSH2 DCT ; Fig. 4 a) . As the separation between Thr660 and the C-terminus is substantial (the distance between Thr660 and Tyr783 Ca atoms is $23.9 Å ), the shift pattern suggests that Tyr783 phosphorylation is communicated to Thr660 in the nSH2-cSH2 junction, at least in part, via the tethering C-terminal linker. In line with this observation, substantial chemical shift differences between NSH2CSH2-pY 783 and NSH2CSH2 DCT -CTpY were observed throughout the cSH2 domain and the pre-C-terminus (Fig. S7 c; Fig. 5 b) . One can rationalize these chemical shift patterns on the basis of a dynamic allosteric connection between the Tyr783 binding site and the nSH2-cSH2 junction.
To confirm the dynamic allosteric connection between the nSH2-cSH2 junction and the Tyr783-binding site, we assessed mutants that modulate the fast-exchange equilibria state populations for multiple residues in a manner consistent with long-range dynamic allostery. The nSH2-cSH2 junction has the potential to provide a tight linkage between the two SH2 domains. The NMR spectra of the isolated cSH2 domain (CSH2, a construct that is equivalent to deletion of the nSH2 domain from the NSH2CSH2 protein) and nSH2-cSH2-junction mutants E664G-NSH2CSH2 and E664K-NSH2CSH2 provide an opportunity to trace which cSH2 residues are influenced by the presence of the nSH2 domain and/or an intact nSH2-cSH2 junction. Relative to the wild-type tandem domain constructs, these proteins can be characterized as ''junction-disrupted.'' Moreover, along with the wild-type (WT) proteins, the spectra of these mutants are helpful in dissecting the influence of the C-terminus on the nSH2-cSH2 junction. The crosspeaks of residues Leu761, Lys763, Gly765, Glu776, Gly777, and Asn787 in the extended C-terminus for CSH2 as well as for E664G-NSH2CSH2 and E664K-NSH2CSH2 are often not coincident with those for NSH2CSH2 but instead are located on the vectors connecting those for NSH2CSH2 and NSH2CSH2-pY 783 (Fig. 4 b; Fig. S7 a) , suggesting that the pre-C-terminus and the C-terminus populate the ''closed'' form more than in NSH2CSH2. Mutations within the nSH2-cSH2 junction, which in effect communicates the presence of the nSH2 domain, or removal of the N-HSQC spectra is shown next to supporting schematic representations of crosspeak centroids ((a) 600 MHz, (b) 700 MHz, using the same color scheme as in Fig. 3 ; further examples are shown in Fig. S7 ). (a) For many extended C-terminus residues, only the crosspeaks for NSH2CSH2
DCT and NSH2CSH2
DCT -CTpY coincide, indicating a C-terminal-linker-dependent effect. Thr660 (nSH2-cSH2 junction) is affected by Tyr783 phosphorylation in part via the bridging C-terminal linker. (b) The crosspeaks for the residues shown are shifted toward the ''closed'' state when the nSH2 domain is absent (CSH2) or when the nSH2-cSH2 junction is mutated, consistent with allosteric communication via the extended C-terminus. nSH2 domain results in a stronger association of the pre-C-terminus and C-terminal linker with the cSH2 domain.
As well as these C-terminal residues, Ala690 in the globular part of the cSH2 domain and in spatial proximity of the C-terminus displays a crosspeak in NSH2CSH2 at a position corresponding to dynamic fast exchange between ''open'' and ''closed'' states (Fig. 4 b) , whereas the equivalent crosspeak for the CSH2 construct is shifted toward position in the ''closed'' NSH2CSH2-pY 783 . This difference suggests that the attached nSH2 domain influences not only the extended C-terminus but also the cSH2 residues with which the C-terminus interacts. MD simulations and NMR reveal an unstable contact between Asn757-Glu759 and the nSH2-cSH2 junction in NSH2CSH2-pY 783 , which is further loosened in NSH2CSH2 by virtue of contact between the nSH2-cSH2 junction and the pre-C-terminus (details in Supporting Materials and Methods, Section 2.2).
Overall, the picture is that the extended C-terminus and the nSH2 domain represent countervailing influences on the chemical shifts of cSH2 crosspeaks, consistent with two-way dynamic allosteric communication between the pY783-binding site and the nSH2-cSH2 junction. In energetic terms, the effects must be weak because the ''open''-''closed'' population balances for different residues vary only within a small range, but this is sufficient to lead to distinct influences on the chemical shifts that are directionally coherent (i.e., consistently toward either the ''open'' or ''closed'' states).
Relevance of the dynamic C-terminal-linkerdependent pathway for allosteric communication
The foregoing experimental observations support the concept that binding of the Tyr783 region to the cSH2 domain influences the nSH2-cSH2 junction in a C-terminal-linker-dependent manner, in line with expectations from the MD simulations described above. Therefore, crosspeak positions that differ for particular residues in NSH2CSH2 DCT and NSH2CSH2
DCT
-CTpY must indicate a C-terminal-linker-''independent'' impact of Tyr783 phosphorylation. As outlined in Supporting Materials and Methods, Section 2.6, and Fig. S7 , we identified residues that are remote from the pY783 peptide binding site but influenced by pY783 binding even in the absence of the C-terminal linker, constituting a C-terminal-linker-''independent'' pathway. Mapping the impact on both C-terminal-linker-dependent and C-terminal-linker-''independent'' pathways on the cSH2 structure (Fig. 5 b) suggests that the former pathway is mostly dominant, other than in the pY783 peptide binding site.
Structural and dynamic interactions between the cSH2 a B -helix and the nSH2-cSH2 junction that were predicted in the MD simulations are supported by the NMR data, as discussed in Supporting Materials and Methods, Section 2.2, and Fig. S8 . In this context, Glu742 emerges as a particularly notable residue. In the crystal structure, this residue is located next to the cSH2 domain a B -helix, adjacent to the nSH2-cSH2 junction (Fig. S8 c) . Glu742 shows a fastexchange type peak pattern that indicates that it is part of the dynamic C-terminal-linker-dependent allosteric pathway. In addition, we found evidence that pY783 peptide binding to NSHCSH2
DCT also modulates the dynamic equilibrium at this residue. Specifically, C-terminal-linkerdependent and -independent Tyr783 binding have opposing effects on the Glu742 chemical shift (Fig. 5 a) . A more detailed chemical shift and MD analysis results suggest that the nearby nSH2-cSH2 junction structure is modulated in a different manner in each case (more information can be found in Supporting Materials and Methods, Section 2.5). The relevance of the dynamic C-terminal linker-dependent allosteric pathway in the framework of overall allostery is corroborated by the MD simulations, the dominant influence on sites that are spatially distant from Tyr783, and the specific impact of this pathway on the dynamics of the cSH2 domain and the C-terminus. Importantly, the diseaserelevant Arg687Trp substitution has a specific impact on the C-terminal-linker-dependent allosteric pathway, as discussed below.
Arg687Trp substitution modulates the dynamic allosteric pathway
The single site activating mutation Arg665Trp in PLCg2 is known to occur in the context of ibrutinib resistance in chronic lymphocytic leukemia (4, 5, 15) . Although this was a phenomenon was associated with influence on Rac-induced activation of the enzyme (21), we have found that when the Arg665Trp mutant of PLCg2, and separately the equivalent Arg687Trp mutant of PLCg1, is expressed in COS-7 cells, stimulation with epidermal growth factor (EGF) leads to significant loss of autoinhibition of phospholipase activity (Fig. S14) . Although the basal level of activity (i.e., without EGF) is only moderately increased compared to WT, both mutants exhibited a higher level of activity under EGF receptor stimulation, suggesting that the mutants are more readily activated than the WT equivalents. For experimental studies, we have found it difficult to obtain 15 N-labeled PLCg2 constructs for NMR studies. However, the PLCg1 Arg687Trp mutant is tractable.
As a prelude to NMR investigations of the mutant, we performed three MD simulations each 100 ns of R687W-NSHCSH2 and R687W-NSH2CSH2-pY 783 for comparison with the respective WT trajectories. In the 3D structure, Arg687 is located on the loop connecting cSH2 helix a A and the first strand of the central b-sheet in close proximity to the pre-C-terminus. The simulations suggest that the Arg687Trp substitution reduces the allosteric communication described above for the WT (Figs. S1, S9 , and S10; Supporting Materials and Methods, Section 2.8). This disruption appears to be linked to a change of the structure or dynamics of the C-terminus.
We prepared Arg687Trp tandem SH2 constructs to experimentally probe the impact on structure, dynamics, and the dynamic allostery. The pre-C-terminus Gly765 crosspeak for the Arg687Trp mutant construct is located well away from the fast-exchange ''open''-''closed'' vector, indicating CSPs dominated by the local effect of the side-chain substitution over other influences. The overall pattern suggests that Arg687 could be in direct contact with residues in the C-terminus. However, CSPs between NSH2CSH2-pY 783 and R687W-NSH2CSH2-pY 783 constructs are not confined to the immediate locale of residue Arg687 (Fig. 6 a) . The Arg687Trp change likely impacts the nSH2-cSH2 junction itself, as suggested by the large CSPs for Thr660 (Fig. 6 b) . Significant CSPs were observed for several residues in the putative contact regions between the extended C-terminus and the cSH2 domain, for example Ala690, Gly710, Gly758, Ala770, Leu761, Gly772, Ala773, and Thr766, as well as for the a B -helix residue Glu742 (Fig. 6 b; Fig. S11 c) . Data for R687W-NSH2CSH2 indicate a similar trend (Fig. S11 b) . The data reveal that the pre-Cterminus and C-terminal linker populate the ''closed'' state to a lesser degree in Arg687Trp constructs than in the WT, suggesting that the Arg687Trp substitution modulates the C-terminal-linker-dependent allosteric pathway.
It is noteworthy that there are no major CSPs for residues belonging exclusively or even mostly to the C-terminallinker-independent pathway upon nSH2 domain removal or upon Arg687Trp mutation; namely, Leu692, Lys695, Ala703, Ile704, Glu720, Val724, Gly727, Asn728, and Ser733 have the same or very similar chemical shifts in the mutant (Fig. S11 d) . The Arg687Trp mutation selectively perturbs the dynamic C-terminal-linker-dependent pathway and exerts its functional influence either by weakening the association of the C-terminus with the cSH2 domain or by impact upon the nSH2-cSH2 junction.
Structural origin and dynamic complexity of the C-terminal-linker-dependent pathway
Returning to the WT proteins, in addition to the fast-exchange phenomena described above, peak doubling or broadening was also observed in the spectra. Residues for which peak doubling, and even tripling or more, was evident are located in the extended C-terminus or in regions of the cSH2 domain predicted to be in close proximity, for example Gly689, Ala690, Gly710, Gly727, Gly765, Thr766, and Gly777 (Figs. 3 a, 4 b, and 7; Figs. S12 and S15). Notably, the peak doubling was most readily discerned in the spectrum of CSH2, presumably because of the overall lower number of residues ($crosspeaks) and narrower linewidths on account of the smaller molecular mass. However, additional minor populations in NSH2CSH2 were revealed upon mutation of nSH2-cSH2 junction residue Glu664. In multiple instances, the resulting peak patterns resemble those found for CSH2 (Figs. 7 b and S7 a), consistent with the notion that the junction plays a role in relaying the presence of the nSH2 domain to the tandem construct C-terminus.
The peak doubling pattern was observed consistently over several independently prepared samples and therefore cannot be attributed to chemical heterogeneity and must arise because of slow exchange between different states. As a result, the relative intensity of the crosspeaks is defined by the respective state populations. In the cases in which (only) two CSH2 crosspeaks are observed, one peak is frequently located at the position of, or very close to, the corresponding peak for NSH2CSH2 DCT , whereas the other sits on the vector connecting the crosspeaks for NSH2CSH2 DCT and N-HSQC spectra recorded at 600 MHz and corresponding schematic representations of crosspeak centroids are shown (color scheme as in Fig. 3 ). The Arg687Trp mutation leads to a perturbation for junction residue Thr660. The crosspeaks for residues such as Ala703 that are associated with the C-terminal-linker-independent allosteric pathway are barely shifted. Larger CSPs are observed for residues exemplified by Thr766 that are associated with the C-terminal-linker-dependent pathway. Additional examples are shown in Fig. S11 .
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. The observed crosspeak pattern is consistent with the concept that, in addition to the major population already discussed, the second population of molecules is also undergoing the ''open'' # ''closed'' (fast) exchange discussed above for NSH2CSH2. However, these additional slowly exchanging states of the C-terminus and pre-C-terminus differentially influence the apparent (local) affinity of a given residue for the cSH2 domain. For the ''simpler'' case of CSH2 peak-doubling, we can envisage the following: in one slow-exchanging state (state ''1''), the effective ''open'' / ''closed'' on-rate is k on,1 , and the ''closed'' / ''open'' off-rate is k off,1 ; in the second slow-exchanging state ''2,'' at least one of the effective on-rates and/or off-rates k on,2 , k off,2 is different. Whereas the rate for the ''1'' # ''2'' interconversion is slow, in each of states ''1'' and ''2'' (with populations p 1 and p 2 ), the exchange between ''open'' and ''closed'' is fast on the NMR timescale. For residue i, we will thus observe two effective binding constants, namely K 
For a Figure360 author presentation of Fig. 7 c, see the figure legend at https://doi.org/10. 1016/j.bpj.2018.05.031#mmc2. Evidence for multistate fast and slow exchange in CSH2 and NSH2CSH2 constructs. (a) CSH2 crosspeaks observed for residue Gly710 coincide with the peak positions of some other constructs (the color scheme is similar to that employed in Fig. 3 , extended to include the complex of CSH2 with the plateletderived growth factor receptor (PDGFR) phosphopeptide). The crosspeak label C 0 indicates the NSH2CSH2-pY 783 bound reference state that is not observed in CSH2. Four CSH2 states in slow exchange are identified: {O/C} 1 , {O/C} 2 , {O/C} 3 , and O (see main text). These states can also be observed over the course of a titration of CSH2 with PDGFR phosphopeptide (titration and further examples are shown in Fig. S15 ). The titration endpoint (CSH2 fully bound to the PDGFR phosphopeptide) is shown here. (b) Superposition of 1 H, 15 N-HSQC spectra (700 MHz) indicates slow exchange for CSH2 and junction mutant constructs, exemplified by residue Gly765; color scheme as in (a). (c) Consideration of the effects of fast exchange in combination with ''local'' versus ''remote'' slow exchange on crosspeak patterns; see Figure360 for an extended animated version of this scheme. Top: in the scheme, the origin of slow exchange between states ''1'' and ''2'' (left and right, respectively) is illustrated conceptually by star and heptagon symbols. Consider now additional fast exchange (between top and bottom structures), for example corresponding to the association of an otherwise flexible appendage with the protein core. The rate of fast exchange depends on whether the molecule is in state ''1'' or ''2.'' We can now probe two sites a and b at which the combined exchange phenomena might be observed; the corresponding schematic spectra for both sites are shown on the right of the bottom panel. For site a, the origin of the slow exchange is ''local''; for site b, it is ''remote.'' Note that in this study, the position of the fully ''closed'' position is known from experiments with NSH2CSH2-pY 783 . In the ''local'' slow case a, we would not expect crosspeak(s) to sit on a single vector between ''open'' and ''closed'' state coordinates. The observations described in this article correspond to the scenario depicted for site b, i.e., the crosspeak patterns that we have analyzed arise from residues apparently ''remote'' from the source of slow exchange.
where O and C denote ''open'' and ''closed,'' brackets encapsulate the states ''1'' and ''2,'' and * and y indicate fast and slow exchange, respectively.
Thus, there are two populations of molecules, each demonstrating ''open'' # ''closed'' equilibria but spectroscopically separated by a ''remote'' slow-exchange phenomenon. ''Remote'' here is meant in the sense that the difference in molecular properties that gives rise to slow exchange does not influence the chemical shifts underlying the concomitant fast-exchange process but can influence the populations for the fast exchange in each of the two (slowly exchanging) states ''1'' and ''2.'' The general scenario can be conveniently depicted in cartoon form (Fig. 7 c, animated  Figure360) . Importantly, the pattern of crosspeaks is distinctly different from that expected for a crosspeak that originates from a location close to the site of slow exchange.
Our model for the dynamic origin of the detected crosspeak patterns is bolstered by our observations of crosspeak doubling in a titration of a platelet-derived growth factor receptor b (PDGFRb)-derived phosphopeptide with CSH2 (Fig. 7 a) . As outlined in Supporting Materials and Methods, Section 2.9, and Fig. S15 , we observe more than two slowly exchanging states over the course of the titration, which can be understood by invoking an extension of the combined fast/slow-exchange scheme:
where O:P indicates the protein:peptide complex. Importantly, we observe that over the course of the titration, the populations of the slow-exchanging ''1,'' ''2,'' and ''3'' states change because of the mass action of the peptide, which effectively captures the ''open'' state of the protein to form the O:P protein-peptide complex. When the peptide is in molar excess, essentially all of the protein is in the O:P state (see Supporting Materials and Methods, Section 2.9). Our interpretation of peak patterns as the result of a combination of slow and fast-exchange phenomena also rationalizes the peak tripling observed for residue Thr766 in the CSH2 construct (Fig. S12 b; Supporting Materials and Methods, Section 2.3). Slow exchange due to purely conformational events is relatively rare in protein NMR. Given that the most common source of such slow events is the cis # trans isomerism of X-Pro peptide bonds (22, 23) , often in disordered regions of polypeptides, we compared CSPs for WT constructs with variants in which specific proline residues, including two that reside in the C-terminal linker, were substituted with alanine (Fig. S12 a; Supporting Materials and Methods, Section 2.4). Although none of the mutations completely quenched the presence of slow exchange, overall our observations strongly suggest that cis-/trans-peptide bond isomerization in the extended C-terminus leads to the complexity of the spectra of the cSH2-domain-containing proteins.
Tyr783 phosphorylation and the Arg687Trp mutation in the context of the g-specific array
To test whether the observations made for tandem SH2 proteins also apply in the context of the larger gSA protein, both nonphospho-and phospho-constructs for WT and mutant versions of the gSA were prepared. Many backbone crosspeaks in two-dimensional 1 H, 15 N-HSQC-or HMQCtype spectra were assigned ( Fig. 8; Fig. S13 ), mostly through superposition with NMR spectra for various subconstructs (Supporting Materials and Methods, Section 1.4).
For gSA, the well-resolved crosspeak for C-terminallinker residue Gly777, which has a relatively narrow line shape, is particularly suited for analysis (Fig. 8) . The nonphospho-, and separately the phospho-, protein crosspeaks almost coincide for WT and Arg687Trp tandem SH2 and gSA proteins but, because of their relative positions, indicate weaker association of the cSH2-SH3 linker (which corresponds to the C-terminus in the context of NSH2CSH2) in gSA compared to the respective tandem nSH2-cSH2 proteins. However, the relative (phospho-vs. nonphospho-, WT versus mutant) CSPs within each construct group (gSA and tandem SH2) are essentially identical, indicating that the underlying source of the shift difference is present in both the tandem and gSA contexts. Further, CSP analysis for residues Ser672, Gly765, Gly772, and Gly777 ( Fig. 8 ; Fig. S13 ) confirms that the ''closed'' population differences between nonphospho-and phospho-constructs and between WT and Arg687Trp constructs apply in the gSA context.
DISCUSSION
We and others have demonstrated that phosphorylation of Tyr783 in the cSH2-SH3 linker of PLCg1 has a critical regulatory role in the mechanism of activation of the enzyme (10) . Here, MD simulations of PLCg1 tandem SH2 constructs were analyzed to interrogate the potential impact of phosphorylation on NSH2CSH2 structure and dynamics. PCA suggested significant differences between correlated motions in NSH2CSH2 and NSH2CSH2-pY 783 . Specifically, differences were detected between the one-dimensional projections of NSH2CSH2 and NSH2CSH2-pY 783 -tandem trajectories on the eigenvector describing motions of the C-terminus and the pre-Cterminus. Contact probabilities for NSH2CSH2 and NSH2CSH2-pY 783 differ for the following pairs: extended C-terminus/cSH2, extended C-terminus/nSH2-cSH2 junction, and nSH2-cSH2 junction/cSH2 a B -helix. Side-chain mutual information analysis, which can be used to detect correlations between allosteric sites (18) , suggests the presence of an allosteric connection between the C-terminus and the nSH2-cSH2 junction. These observations spurred the experimental analysis of the set of tandem SH2 protein constructs by heteronuclear NMR, with the aim to validate the predictions.
Naïvely, Tyr783 phosphorylation would be expected to lead to binding of the Tyr783 peptide region to the phosphopeptide binding site on the cSH2 domain. In contrast, NMR data show that Tyr783 phosphorylation leads to changes in structure and dynamics in the cSH2 domain that are more extensive. Importantly, a substantial proportion of these changes depend on the presence of the C-terminal linker. The chemical shift patterns observed for many residues in different constructs can be rationalized by invoking fast averaging between ''open'' and ''closed'' states. Significantly, it is not possible to rationalize the fast-exchange kinetics in terms of a single binding equilibrium; rather, the data suggest that different parts of the C-terminus are more strongly associated with the surface of the cSH2 domain than others.
A previous study showed that the presence of the C-terminus modulates the chemical shifts of multiple cSH2 domain crosspeaks; therefore, the C-terminus was thought to be bound to the cSH2 domain even in the absence of Tyr783 phosphorylation (16) . However, our observations obtained for a range of WT and mutant phospho-and nonphosphoconstructs indicate that the C-terminus is only partially bound in the latter case. That the binding is not complete is relevant in the context of the supposed association of the cSH2 domain with the PLCg1 enzyme core, leading to autoinhibition in the nonphospho-state (10) because a fully bound C-terminus would impede the molecular interaction of the cSH2 domain with the core. Moreover, it has been suggested that interactions of the cSH2 domain with two FGFR kinase domains in the supramolecular complex arising from FGF ligand-receptor association are part of the activation mechanism for PLCg1 (12) . Whether or not these interactions are involved in PLCg1 activation, each requires that the cSH2 domain exhibit at least transient exposure of the requisite interaction surface. Because the interactions are expected to take place at the cSH2 pTyr-binding site, there would be a requirement that the cSH2-SH3 linker can be readily displaced from the binding site, which is in agreement with our findings for transient association in both tandem SH2 and gSA proteins.
Tyr783 phosphorylation leads to CSPs for nSH2-cSH2 junction residue Thr660, which is at >20 Å distance, strongly suggesting an allosteric effect. A direct allosteric communication via the C-terminal linker can be postulated when including the ''pre-C-terminus'' region that is predicted by both crystallographic analysis and MD simulations to come into contact with the nSH2-cSH2 interdomain junction. The chemical shift patterns for many cSH2 residues indicate that Tyr783 phosphorylation affects the relative populations rather than the structures of the pre-existing ''open'' and ''closed'' states. Importantly, the fast-exchange ''open'' # ''closed'' equilibrium is modulated in various mutant constructs; for each construct, we observed a global tendency to shift residues toward either the ''open'' or ''closed'' state. A substantial part of the change triggered by Tyr783 phosphorylation can therefore be described as dynamic allostery (24) (25) (26) .
The dynamic allosteric connection is attributed to the C-terminus and the pre-C-terminus of the tandem domain constructs; in particular, the nature of the allostery depends on the presence of the C-terminal linker. The additional observation that the populations of the local ''open'' and ''closed'' states differ for various C-terminal residues implies that the overall number of conformations is large. The high number of degrees of freedom suggests that entropic considerations could be particularly relevant in the allosteric communication of Tyr783 phosphorylation as well as in potential interactions of a binding partner with the C-terminus or the cSH2 domain (26) . These intermolecular interactions could be controlled by dynamic interactions of the C-terminus with the cSH2 domain, a situation that would be an example of a ''fuzzy'' intramolecular complex (27) .
Identification of the dynamic, C-terminal-linker-dependent allosteric effect of Tyr783 phosphorylation should improve the understanding of the effect of mutations in the cSH2 domain. We have studied the dynamic impact of the activating, disease-relevant Arg687Trp mutation by MD simulations and NMR. We find that within the context of the tandem nSH2-cSH2 and gSA proteins, the Arg687Trp change shifts the extended C-terminus toward the ''open'' state and modulates the dynamic C-terminal-linker-dependent allosteric pathway. Distinct hypotheses emerge for how these dynamic and structural changes lead to the activating effect of the Arg687Trp substitution. Perturbation of the nSH2-cSH2 junction structure or stability could lead to an alteration in the relative orientation of or flexibility between the nSH2 and cSH2 domains; alternatively, the weakened interaction between the cSH2 domain and the extended C-terminus, which corresponds to the tether between the cSH2 with SH3 domains in the gSA, might be key to the mutant behavior. The consequences of Arg687Trp could include changes in interactions of the gSA with RTKs, with the enzyme core, or, in the case of Arg665Trp in PLCg2, with Rac2.
Herein, we have presented a system in which dynamic allosteric communication is directly observable by monitoring 1 H, 15 N-HSQC peak shifts, representing population shifts between fast-exchanging locally bound and unbound states. Our approach is related to the chemical shift projection analysis procedure (28) to reveal allosteric networks, which is distinct from chemical shift covariance analysis in that we focus mostly on population shifts of fast-exchanging residues, which helps avoid false positives (20) . Our work also reveals the presence of a complex set of slow-exchange phenomena that combines with fast exchange and thus leads to unusual NMR crosspeak patterns, with two or more crosspeaks representing two fast-exchanging but differentially populated states for a single residue. In particular, we rationalize the spectral characteristics in terms of ''remote'' slow-exchange equilibria that determine the population of ''locally'' fast-exchanging ''open'' # ''closed'' populations (Fig. 7) . The system is conceptually similar to the population shuffling of rotamer conformations that was recently described for protein G and ubiquitin (29) , though it remains to be investigated whether the underlying mechanistic processes in PLCg are mutually independent. A schematic that aims to capture the different exchange processes at play in this system is presented in Fig. 9 . We emphasize that the apparent complexity of the tandem nSH2-cSH2 system described herein emerged only by examination of a relatively large number of protein variants. It is possible that other unrelated systems could also encompass such multitimescale dynamic allostery that may go undetected in the absence of appropriate variant constructs. We note that the PLCg1 system described here should lend itself to quantitative exploration of the N-state kinetics that underlies dynamic allosteric communication using state-of-the-art methods in NMR relaxation experiments over a wide range of timescales (30, 31) .
CONCLUSIONS
This work has highlighted a hitherto unappreciated and complex pattern of allosteric influences within the receptor adaptor domains of PLCg1 that are likely relevant for experiments aimed at elucidating its regulation in both space and time at any greater length scale (e.g., with full-length proteins in a whole cell context). MD simulations suggested structural connectivity between occupation of the canonical cSH2 phosphopeptide binding site and the nSH2-cSH2 interdomain junction. As part of the experimental validation of the key MD predictions, we uncovered a surprisingly complex set of NMR characteristics for the tandem SH2 domain protein. The MD simulations also provided an invaluable context within which to effectively design and assess tandem SH2 domain variants to decipher the emergent NMR characteristics of allostery in the cSH2 domain. We have shown that the C-terminus is partially bound in the nonphosphorylated state and that presence of the nSH2 domain changes the dynamic properties of the cSH2 , the strong interaction between the cSH2 pTyr783 binding site and the extreme pY783 peptide region at the C-terminus cooperates with the binding of other regions of the C-terminus and the pre-C-terminus (all depicted in green color) to the ''body'' of the cSH2 domain. In each case, long-range effects involving the interactions of the extended C-terminus were evident in the NMR characteristics of crosspeaks for residues located at the nSH2-cSH2 junction, indicated by purple shading.
domain. The comparison of multiple protein variants revealed evidence for allosteric connectivity that importantly involves the polypeptide tether between the globular part of the cSH2 domain and the Tyr783 phosphorylation site. The allosteric connection is dynamic in nature and involves the presence of multiple combined fast-and slow-exchange processes. We have demonstrated that the disease-relevant mutation Arg687Trp weakens the dynamic allosteric connection (Fig. 9) , provoking specific hypotheses about the mechanistic basis for the effect of this substitution; it remains to be determined which particular section of the dynamic allosteric arc spanning the long extended C-terminus and the nSH2-cSH2 junction is functionally relevant in context of holo-PLCg1. Importantly, the modulated binding of the extended C-terminus in Arg687Trp mutants was also detected in the context of the larger gSA fragment of PLCg1, indicating that the impact of the dynamic modulation extends beyond tandem SH2 constructs and should be taken into account in any examination of the upstream regulation of PLCg proteins by RTKs and small G-proteins.
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